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performance applications. Among various flip chip methods, nonsolder bumps with conductive polymer interconnection such as isotropic conductive adhesives (ICA's) and anistropic conductive adhesives (ACA's) are cost effective packaging techniques. Performances of high-speed circuits are limited by package interconnect discontinuity due to large inductance and resistance in the high frequency range [1] . Therefore, high frequency modeling is necessary to understand high frequency characteristics of flip chip interconnection using especially anisotropically conductive films (ACF's), and to optimize ACF materials and flip chip bump system. ACF's are generally composed of an adhesive polymer matrix and fine conductive fillers using metallic particles or metal-coated polymer balls. Electrical conduction joint between printed circuit board (PCB) pads surface and bumps on the chip is constructed by mechanical contact of ACF conductive particles and the simultaneous adhesive resin curing under thermocompression bonding [ Fig. 1(a) ].
Electrical properties, DC contact resistance, and high frequency behavior, depend on conductive particle materials, deformation of conductive particles, the degree of curing of an adhesive resin, etc. Fig. 1(b) shows equivalent AC circuit model of ACF interconnection. , and are bump resistance, bump inductance, sum of contact resistances and ball resistances of conductive particles, and capacitance of epoxy resin between the metallization pad on PCB and bump on the test chip, respectively. Each of above parameters in equivalent circuit model affects electrical properties including high frequency behavior.
High frequency properties of conductive adhesive interconnections have been investigated [2] , [3] . Compared with previous studies, new modeling method for high frequency characteristics of ACF flip chip interconnecion based on a microwave network analysis and -parameter measurements is proposed in this study. The effect of conductive particles in the ACF on high frequency properties was investigated using the extracted model. In addition, 80-ps risetime digital signal propagation was demonstrated through ACF interconnection by TDR and TDT measurement. using 1-poly and 3-metal 0.6 m Si process. The microstrip structures were fabricated with inverted embedded microstrip (IEM) structure for minimizing parasitics due to orientation and ground impedance [4] . As bump formation, electroless Ni/Au plating was performed on aluminum pads of test IC chips. Electroless Ni plating method is a potential low cost bump forming candidate because of selective autocatalytic metal deposition directly on aluminum pads. As an interconnect material, ACF's composed of an insulating polymer matrix and conductive fillers were prepared. An adhesive resin used for ACF's formulation was epoxy based one. This is because epoxy has a strong adhesion to various substrates, high glass transition temperature, and favorable melt viscosity requested for the bonding. Four kind of anisotropic conductive adhesives with different filler materials, Ni particle and Au-coated polymer particle, and with different curing agent, and , were prepared by the processes of polymer resin mixing with solvent, conductive filler mixing, curing agent mixing, film making and solvent removal process. For the characterization of curing effect of ACF on the DC contact resistance, all of four ACF's were bonded between chip and FR-4 organic board at 150 C in the time of 20 s, 60 s, 3 min, and 5 min, and then contact resistances were measured. And in those ACF materials, ACF A and ACF B which exhibited relatively lower DC resistance values, were used to flip-chip bond onto the Rogers® RO4003 high frequency organic substrate with substrate thickness of 0.7 mm. The details of the ACF's are listed in Table I . ACF interconnection was made by cutting ACF to the proper size, placing it on the PCB substrate, chip alignment and thermocompression bonding for 5 min at 150 C. The configuration of test chip bonded on the PCB for the model extraction and high frequency measurement is shown in Fig. 3 , including coplanar waveguide (CPW) on PCB, ACF, Ni/Au bump, and microstrip transmission line on silicon. 
III. DC RESISTANCE AND -PARAMETER MEASUREMENTS
As the bonding time increases at 150 C, the degree of the curing of adhesive epoxy resin increases, resulting in contact resistance decrease as shown in Fig. 5 . The DC resistance over the chip on the substrate were 0.9 for the Au-coated polymer-filled ACF (ACF-A) and Ni-filled ACF (ACF-B). As can be seen from Fig. 6 , the insertion loss ( ; transmission coefficient) of the microstrip line on lossy silicon and the CPW on the test PCB were obtained to be maximum 15 dB and 10 dB, respectively from 200 MHz to 20 GHz.
The test chip and the test PCB have exhibited one or more resonance frequencies over 13 GHz. Interestingly, the ACF-B interconnection has insertion loss slightly lower than the ACF-A interconnection. The resonance frequency of the test device is found around 13 GHz. Below 13 GHz, the insertion loss of the test chip is mostly dominated by the microstrip loss on the lossy silicon substrate as shown the Fig. 6 .
IV. EXTRACTED MODEL PARAMETER
The microwave model of the ACF flip-chip interconnect was investigated based on a microwave network analysis using -parameters measurement. The extraction procedure is shown in Fig. 7 [4] , [5] . The proposed extraction procedure is illustrated in Fig. 7 [step (1)-(5) ]. First, -parameters of the CPW on the PCB and the microstrip line of the test Si chip are measured, respectively. Then, the -parameters of the test device of Fig. 3 are measured. From the measured -parameters, total ABCD parameters of the test device are easily extracted. Also, the ABCD parameters of the CPW on the PCB and the microstrip line of the test Si chip are calculated. Then, with the extracted ABCD parameters, the de-embedded parameters of the ACF interconnect are calculated. Thanks to the multiple through-holes and the quasi-TEM wave transmission through the microstrip line on the test Si chip, negligible ground impedance was achieved. Then the matrix conversion of the cascade transmission iss conducted to determine the impedance of the ACF interconnect. The extracted model parameters of a 100 m 100 m bonding area are presented in Fig. 8(a) and (b) for Au-coated polymer ball-filled ACF (ACF A) and Ni-filled ACF (ACF B). The small increase in the resistance of ACF A is caused by the skin effect loss of the ACF flip-chip interconnection up to 8 GHz. Above 8 GHz, the conductive loss of the epoxy resin becomes dominant. A sharp increase of resistance in the series RLC circuit indicates that , the quality factor, is large and resistance is small [1] . Therefore, Fig. 8(a) shows contact resistance of ACF B is larger than ACF A due to unstable contact between Ni bump and Ni particle at high frequency range. Also, both ACF interconnections exhibit the resonance phenomena around 13 GHz. It is shown that the resonance frequency of ACF B is below that of ACF A as shown in Fig. 9 . The reactance is dominantly affected by the inductance of the conductive particle and Ni/Au bump . Because inductance of Ni particle is larger than that of Au-coated polymer ball under the same Ni/Au bump, the reactance of ACF B interconnection increases more rapidly than ACF A interconnection. It is demonstrated that less than 2-resistance and 0.05-nH inductance (typical solder-ball flip chip characterization are shown in [6] , [7] ) can be obtained with the ACF A flip chip interconnection. The ACF flip chip can be used up to 12 GHz frequency range for Au-coated polymer ball-filled ACF joint and up to 8 GHz range for Ni-filled ACF joint, respectively.
V. TDR AND TDT MEASUREMENTS
The reliability of the model parameters was confirmed by the time domain reflectometry (TDR) and time domain transmission (TDT) measurements. The TDR and TDT measurements were conducted using an input step with 80 ps rise time as shown in Figs. 10 and 11.
Transmitted pulse waveforms measured in TDT with the HP 54120B sampling oscilloscope are shown in Fig. 10 . As shown in the figure, the input pulse has an 80-ps rise time and a 200-mV amplitude. The transmitted pulse through the two ACF flip-chip interconnections, the two CPW lines and microstrip line on the lossy silicon substrate are shown together. The transmitted pulse has a 200-ps rise time and an 160-mV height. The degradation of the rise time and the pulse height is mostly caused by the loss on the silicon chip [5] . Reflected pulse waveforms measured in time domain reflectometry (TDR) with the HP 54120B sampling oscilloscope are shown in Fig. 11 with the 80 ps rise pulse source. As shown in Fig. 11 , the reflected pulses caused by the impedance discontinuities can be observed using the TDR technique. Simulations are also shown with the extracted circuit of Fig. 11(b) which was derived through fitting to the measured results. The major reflections result from the impedance mismatch at the junction between the CPW on the PCB of a high impedance (75 ohm) on the RO4003 substrate and the embedded microstrip with low impedance (25 ohm) on the Si chip. The reflections from the ACF flip-chip interconnection are shown to be negligible. These figures confirm that digital signals with GHz bandwidth can be successfully propagated through the ACF flip-chip interconnection.
VI. CONCLUSION
We have demonstrated the anisotropic conductive film (ACF) as a high-frequency flip-chip interconnection material. Also an efficient extraction procedure was shown based on the -parameter, TDR, and TDT measurement. The microwave frequency model of the ACF flip-chip interconnections was shown and the high frequency behavior of ACF interconnections with different filler materials was investigated based on microwave model. It was illustrated that the ACF flip-chip interconnections have comparable transfer and loss characteristics to those of solder bumped flip-chip bonding up to 13 GHz, which is the resonance frequency for the ACF interconnection. Digital signal transmission through the ACF interconnections with 80-ps rise time with negligible loss was observed. Also, the equivalent circuit model for the flip chip interconnection has been derived by a fitting procedure.
